The assembly of the photosynthetic apparatus at the thylakoid begins with the targeting of proteins from their site of synthesis in the cytoplasm or stroma to the thylakoid membrane. Plastid-encoded proteins are targeted directly to the thylakoid during or after synthesis on plastid ribosomes. Nuclear-encoded proteins undergo a two-step targeting process requiring posttranslational import into the organelle from the cytoplasm and subsequent targeting to the thylakoid membrane. Recent investigations have revealed a single general import machinery at the envelope that mediates the direct transport of preproteins from the cytoplasm to the stroma. In contrast, at least four distinct pathways exist for the targeting of proteins to the thylakoid membrane. At least two of these systems are homologous to translocation systems that operate in bacteria and at the endoplasmic reticulum, indicating that elements of the targeting mechanisms have been conserved from the original prokaryotic endosymbiont.
INTRODUCTION
The thylakoid membrane has evolved an exquisitely organized set of intrinsic and extrinsic protein complexes that function in concert to couple the photooxidation of water with electron transport and chemiosmosis, thereby providing NADPH and ATP for the carbon fixation reactions of photosynthesis. The biogenesis and maintenance of the photosystems, electron carriers, and ATPsynthase relies on the contributions of protein subunits encoded by both nuclear and plastid genomes. As a consequence of this dual genetic origin, the assembly of the thylakoid components begins with the targeting of stromally and cytoplasmically synthesized proteins to the thylakoid and their integration into or translocation across the membrane. The general features of protein targeting to the thylakoid membrane adhere to similar principles as those that govern protein targeting to other cellular membrane systems. For example, thylakoid proteins are synthesized with intrinsic targeting signals that are necessary and sufficient to target a protein to the thylakoid membrane. Plastid-encoded proteins possess a single thylakoid targeting signal, whereas nuclear-encoded proteins require dual signals that first direct import of the protein across the double membrane of the chloroplast envelope and subsequently target the protein to the thylakoids. Furthermore, experimental evidence supports the existence of highly specific soluble and membrane-bound recognition systems that decode the targeting signals and initiate translocation through protein conducting channels.
Although the import of nuclear-encoded proteins at the chloroplast envelope appears to use a common general import machinery, recent investigations into the molecular mechanism of protein targeting to the thylakoid membrane have revealed a multitude of targeting systems that function with specific subclasses of thylakoid proteins. Remarkably, at least two of these pathways are homologous to known translocation systems that operate in bacteria and the endoplasmic reticulum (ER). Two other pathways represent previously unidentified translocation systems, one of which may also have a bacterial counterpart. The discovery of these multiple pathways has contributed significantly to our understanding of the initial stages in the assembly of the photosynthetic apparatus and has provided new insights into the evolutionary relationships between membrane targeting systems at different organelles.
The majority of information on the thylakoid targeting processes has been obtained through the elegant manipulation of in vitro assays in which radiolabeled preproteins are incubated with intact isolated chloroplasts or thylakoid membranes. Following the in vitro targeting reaction, the fate of the preprotein is determined by analyzing its association with the thylakoid membrane or another chloroplast subfraction and quantifying the extent of appropriate proteolytic processing. In addition to these biochemical systems, in vivo models for thylakoid targeting in maize and the green alga Chlamydomonas are now available, and the combination of in vitro and in vivo approaches has contributed to the identification of a number of translocation components. The intent of this review is to summarize the recent developments that have led to the discovery of multiple pathways for protein targeting to the thylakoids in plants. It will focus on recent advances in identifying the components of the targeting pathways at the thylakoid membranes. Several current reviews of protein import across the chloroplast envelope have been published (26, 32, 38, 40, 72, 78, 127) . Therefore, a complete review of envelope translocation is not presented, but the salient features of the import mechanism are summarized to provide the background for understanding this critical first step in the localization of nuclear-encoded thylakoid proteins. Additional information and perspectives are available in several recent reviews on chloroplast protein import and targeting to the thylakoid (26, 30, 32, 63, 72, 78, 109, 127) .
TARGETING SIGNALS OF THYLAKOID PROTEINS

The Dual Targeting Signals of Nuclear-Encoded Thylakoid Proteins
Nuclear-encoded thylakoid proteins are synthesized on cytoplasmic ribosomes as precursors containing a cleavable N-terminal extension designated the transit sequence. Targeting to the thylakoid occurs posttranslationally by a two-step process requiring dual targeting signals that direct import across the double membrane of the chloroplast envelope and subsequent transport to the thylakoid membrane (Figure 1 ). The analysis of the targeting signals of a variety of nuclear-encoded thylakoid preproteins suggests that the envelope and thylakoid targeting signals occur in two configurations. In the first configuration, the transit sequence is bipartite (122) , containing the information for import across the chloroplast envelope as well as information for targeting to the thylakoid. The two targeting signals reside in separate domains of the transit sequence with the stromal targeting domain (STD) located at the N-terminal region and the thylakoid lumenal targeting domain (LTD) located at the C-terminal region of the transit sequence (26) . Representatives of this class that have been studied most extensively are the lumenal proteins, preplastocyanin (prePC), and the subunits of the oxygen evolving complex, preOE16, preOE23, and preOE33. The bipartite nature of the transit sequences of thylakoid lumenal proteins was first proposed by Smeekens et al (122) when they observed that replacement of the preplastocyanin transit sequence with that of the stromal protein, preferredoxin, redirected plastocyanin to the stroma in in vitro import studies. These results indicated that the preplastocyanin transit sequence contained information in addition to an import signal that directed transport to the thylakoids. Several integral thylakoid membrane proteins, such as the CF o II subunit of the ATP synthase (88) and the X and W proteins of photosystem II (PSII) (60, 77) , also appear to contain bipartite transit sequences based on structural similarities to the transit sequences of lumenal proteins.
In the second configuration, the transit sequences of integral membrane proteins, such as the precursor to the light-harvesting chlorophyll a /b binding protein (preLHCP) and the precursor to the 20-kDa subunit of the CP24 complex (15) , contain only information for envelope transport (Figure 1) . The signals for targeting of these proteins to the thylakoid appear to reside within the primary structures of the mature polypeptides (75) .
ENVELOPE TRANSLOCATION AND THYLAKOID TARGETING ARE INDEPENDENT
PROCESSES The discovery that nuclear-encoded thylakoid proteins possess separate targeting signals for chloroplast import and thylakoid targeting led to the hypothesis that these two targeting processes proceed independent of one another (42) . This hypothesis has been supported by several subsequent experimental observations. First, the demonstration of protein transport into isolated thylakoids confirmed that import at the envelope and thylakoid transport were not obligatorily coupled processes (23, 61) . Second, time course analysis of the import and thylakoid targeting of preLHCP (105) , prePC (122) , preOE23 (7), preOE33 (55, 61) , and preOE16 (55) in in vitro assays using intact chloroplasts revealed soluble stromal intermediates. These intermediate forms accumulated if envelope translocation was normal, but thylakoid transport was inhibited (25, 28, 47, 66, 71, 90) . The intermediates represented a productive step in the targeting process because they were subsequently targeted to thylakoids if the inhibitor was removed (27, 28, 31, 47, 105) . The existence of a stromal intermediate has been confirmed for the targeting pathway for cytochrome c 6 using pulse/chase labeling studies in Chlamydomonas cultures (52) . These results provide in vivo evidence for the two-step pathway of thylakoid targeting. A final set of evidence for the independence of import and thylakoid targeting was provided by the observation that mature LHCP (28, 134) and intermediate size forms of preOE23 (31, 54, 90) and preOE33 (54) that retain their LTDs, but lack STDs, are transported into isolated thylakoid membranes. Therefore, the stromal targeting signal is not required for thylakoid targeting, although its removal is not necessarily a prerequisite for thylakoid transport (8, 12, 23, 61) .
THE TRANSIT SEQUENCE DIRECTS IMPORT ACROSS THE CHLOROPLAST ENVELOPE
Evidence for the role of the transit sequence in stromal targeting was provided by early in vitro import experiments that demonstrated that N-terminal deletion mutants of thylakoid integral and lumenal preproteins were not imported into isolated intact chloroplasts (21, 42, 45, 69, 134) . Structural analysis of the transit sequences of different preproteins revealed no similarities in primary structure; however, the overall characteristics of the STDs share similarity to the transit sequences of nuclear-encoded stromal proteins (139) . These characteristics include a size range from approximately 30 to 70 amino acids, an overall basic charge, a high proportion of hydroxylated amino acids, and a deficiency in acidic amino acids. Subsequent studies indicated that the transit sequences of different thylakoid and stromal proteins are functionally identical. For example, interchange of the presequences of prePC, and preOE16, preOE23, and preOE33 by the construction of recombinant chimeric preproteins, had little effect on the import of these proteins into the stroma (22) . Likewise, the transit sequences of thylakoid proteins direct the efficient import of the mature domains of stromal preproteins (45, 122) or foreign passenger proteins (87) into isolated chloroplasts. The functional similarity of the transit sequence was confirmed by the demonstration that thylakoid and stromal proteins compete for import into isolated chloroplasts (28, 97) . These results, coupled with the observation that the energy requirements for the import of stromal and thylakoid proteins are similar (32) , have led to the hypothesis that all proteins destined for internal compartments of the chloroplast use a similar general import pathway at the envelope.
LUMENAL TARGETING DOMAINS RESEMBLE BACTERIAL SIGNAL PEPTIDES The C-terminal LTDs of lumenal thylakoid proteins exhibit significantly more hydrophobic characteristics than STDs or the transit sequences of stromal preproteins (6a, 139). This observation provided the first suggestion that these domains may function as separate targeting signals. The function of the LTD in thylakoid targeting was confirmed by the demonstration that deletion of this domain from preOE33 (69) and prePC (42) resulted in accumulation of these preproteins in the stroma in in vitro chloroplast import assays. Conversely, transfer of the LTD to stromal preproteins or foreign passenger proteins results in localization of these proteins to the thylakoid membrane (22, 42, 69, 70, 87) . However, it should be noted that chimeric proteins containing fusions between LTDs and passenger domains derived from different polypeptides vary widely in the efficiency of thylakoid targeting (22, 42) . In addition, truncations of the C-termini of the mature domains of preOE23 (110) and preOE33 (70) can influence the efficiency of thylakoid targeting. These results suggest that although the LTDs are necessary and sufficient for thylakoid targeting, they may have evolved in the context of their corresponding mature sequences to optimize thylakoid transport of the specific passenger polypeptide.
LTDs have been divided into four regions based on the clustering of particular classes of amino acids within their primary structures (46) (Figure 1) . Three of these domains display a remarkable similarity in characteristics to the domain structures proposed for the signal peptides of proteins targeted to the ER or the bacterial plasma membrane (44) . LTDs and signal peptides both contain a short, positively charged N-terminal region (N-domain), a hydrophobic core region of 12-18 amino acids (H-region), and a polar C-terminal region (C-domain) (137, 138) . These structural similarities led to the first proposals that the LTDs of lumenal preproteins were equivalent to signal peptides and that the pathway of thylakoid targeting for this class of proteins was conserved from the original bacterial endosymbiont (139) . The fourth domain of LTDs is not found in signal peptides. This A-domain consists of an extended acidic domain of approximately 12-15 amino acids that separates the LTD from the STD of the transit sequence.
Additional support for the conservative origin of LTDs is provided by the observation that the thylakoid lumenal processing peptidase (TPP) (43) that cleaves the LTD following membrane transport is similar to the bacterial leader (signal) peptidase (LPP). Escherichia coli LPP and the TPP correctly cleave the LTDs of lumenal proteins as well as signal peptides of both bacterial and eukaryotic proteins (2, 44), indicating a similar site specificity for both enzymes. Small neutral residues are invariably found at positions −3 and −1 in the C-domain of the LTD relative to the N-terminal amino acid of the mature protein, and these residues are necessary for processing (121) . A relatively conserved motif of Ala-X-AlaˆX can be assigned to the cleavage site (138) .
THYLAKOID TARGETING SIGNALS FOR INTEGRATION OF LHCP ARE INTRINSIC TO
THE MATURE PROTEIN Unlike lumenal proteins, the transit sequence of pre-LHCP is unable to direct a foreign passenger protein to the thylakoid membrane. The mature sequences of the Rubisco small subunit (RBCS) (45) or neomycin phosphotransferase II (131) were targeted to the stroma in in vitro import experiments when fused to the transit sequence of preLHCP. In contrast, chimeric proteins consisting of mature LHCP fused to the transit sequence of preRBCS are efficiently imported into isolated chloroplasts and properly assembled into light-harvesting complexes (75) . Therefore, the preLHCP transit sequence only contains an STD, and the targeting information for the thylakoid membrane resides within the mature sequence of LHCP. The analysis of deletion mutants of preLHCP suggests that the signals for thylakoid integration reside within one or more of the three transmembrane domains of the protein (45, 53, 75) . Deletion of any portion of these domains dramatically decreases the productive association of LHCP with the thylakoid, indicating that integration of this protein may require the cooperation of a complex set of signals.
The Targeting Signals of Plastid-Encoded Thylakoid Proteins
Approximately 50% of thylakoid membrane proteins are encoded by the plastid genome in plants and green algae. However, there is less information available on the signals and pathways for thylakoid targeting of these proteins than their nuclear-encoded counterparts. The best studied of these proteins is the cytochrome f component of the cytochrome b 6 f complex that couples electron transport between PSII and PSI. Cytochrome f is synthesized as a preprotein containing an N-terminal extension that resembles the LTD of nuclear-encoded lumenal proteins and the signal peptides of bacterial and eukaryotic secreted proteins. In vitro import experiments confirm that the N-terminal presequence is necessary for targeting to the thylakoids and indicate that the presequence functions as an LTD (95, 150) . Integration of cytochrome f into the thylakoid membrane must rely on a secondary signal that is likely to reside within the mature sequence of the protein. The function of this signal is presumably similar to the stop-transfer sequences of membrane proteins of the secretory pathway.
Two additional components of the cytochrome b 6 f complex, cytochrome b 6 and subunit IV, are plastid-encoded. Both proteins are synthesized as mature polypeptides without cleavable signal sequences, indicating that their thylakoid targeting signals reside within the mature polypeptide. Zak et al (150) fused both proteins to the transit sequences of nuclear-encoded stromal proteins to target the proteins into chloroplasts in in vitro import assays and studied their subsequent integration into the thylakoid membrane. They demonstrated that the intrinsic signals of cytochrome b 6 and subunit IV function like uncleaved versions of the cytochrome f signal peptide rather than the intrinsic thylakoid targeting domains of preLHCP. The exact location of targeting signals for these proteins remains to be defined.
A number of other thylakoid integral membrane proteins are plastid encoded and appear to be synthesized on thylakoid membrane-bound ribosomes. Targeting of this class of proteins is difficult to study because in vitro assays for the targeting of nascent chain-ribosome complexes to the thylakoid have not been developed. The D1 protein of PSII is representative of this class of membrane proteins. D1 is synthesized without an N-terminal presequence. Targeting of the nascent chain-ribosome complex to the membrane presumably is mediated by an intrinsic noncleavable signal (62) , but the nature of this signal has not been investigated.
THE MECHANISM OF PROTEIN IMPORT AT THE CHLOROPLAST ENVELOPE
The Stages of Import
The import of nuclear-encoded proteins across the chloroplast envelope has been investigated largely using stromal proteins as substrates. However, import competition studies (14, 103) and transit sequence swapping experiments (45, 122) indicate that stromal and thylakoid preproteins are transported from the cytoplasm into the organelle by a common recognition and translocation machinery at the chloroplast envelope. This section is a brief summary of current knowledge of this process with a focus on the components of the import machinery. Although different names have been assigned to the same components of the import machinery by various groups, these investigators recently have agreed on a uniform nomenclature for these proteins (117) . This nomenclature has been adopted for the descriptions in this article in accordance with the recently published guidelines.
The import of nuclear-encoded proteins into the chloroplast stroma is mediated by the coordinate interactions of import complexes (translocons) in the outer and inner chloroplast envelope membranes (38, 78) . The Toc complex (translocon at the outer envelope membrane of chloroplasts) mediates the recognition of cytoplasmic preproteins at the chloroplast surface and their subsequent translocation across the outer membrane (117) . Translocation across the inner membrane is mediated by the Tic complex (translocon at the inner envelope membrane of chloroplasts) (117) .
The import reaction can be divided into three steps based on analysis of the energetics of preprotein binding and translocation at the envelope. First, the cytoplasmic preprotein specifically associates with the envelope membrane via the interaction of the transit sequence with proteinaceous receptors at the surface of the outer membrane (29, 37, 80, 104) . This interaction appears to be reversible and energy independent. Second, the preprotein inserts across the protein-conducting machinery of the outer membrane. This step requires the hydrolysis of low concentrations of both ATP and GTP (less than 100 µM) in the cytoplasm or in the intermembrane space of the envelope (59, 80, 99, 100) . Insertion across the outer envelope membrane triggers the association of the outer and inner import machineries and brings the transit sequence near to import components of the inner membrane (80, 116) . The functional association of the outer and inner membrane import machineries at this step in import occurs at contact sites where the two membranes are held in close proximity (116) . Outer membrane insertion is likely to represent the committed step in the import reaction because the interaction of preproteins with the envelope at this stage is irreversible (37) . Preproteins bound to the envelope at this stage in import have been designated early import intermediates (104, 116) .
Finally, the preprotein inserts across the inner membrane, and translocation into the stroma proceeds simultaneously across both envelope membranes at contact sites (116) . This step requires the hydrolysis of ATP in the stromal compartment (101, 126) . Proteins in transit across both envelope membranes have been isolated and are referred to as late import intermediates. Unlike mitochondrial protein import or bacterial protein export, chloroplast protein import does not require a membrane potential (101, 126) . Upon translocation across the envelope, the transit sequences of stromal and thylakoid preproteins undergo proteolytic processing by a specific soluble metalloendopeptidase, designated the general stromal processing peptidase (SPP) (1, 108, 132). Proteolytic processing of lumenal thylakoid proteins by SPP yields soluble stromal intermediates that have lost the STD of their transit sequence but retain their LTDs (55), whereas SPP processing of preLHCP yields a mature-size stromal intermediate (20) .
Components of the Import Machinery
A TRIMERIC COMPLEX FORMS THE CORE OF THE OUTER MEMBRANE TRANSLO-CON Candidates for components of the preprotein recognition and membrane translocation machinery of the envelope have been identified, and several lines of evidence provide clues to their functions in the import process (Figure 2) . Remarkably, these studies have revealed that the structures of the import components and the mechanism of envelope translocation is unrelated to protein import into mitochondria. Three integral membrane proteins, Toc34 (IAP34, OEP34), Toc86 (IAP86, OEP86), and Toc75 (IAP75, OEP75) (117), form a trimeric complex at the core of the outer membrane translocon. Toc86 and Toc34 are related in primary structure and contain cytoplasmic GTP-binding domains (50, 59, 119) . The topology of these two components and the observation that GTP hydrolysis is required at the early stages of import (59, 99) suggest that Toc34 and Toc86 may function in regulating the recognition of the cytoplasmic preprotein at the outer membrane. Support for the roles of Toc34 and Toc86 as a preprotein receptor system is twofold. First, covalent crosslinking studies indicate that Toc86 and Toc34 are in intimate contact with the precursors during the initial binding to the outer envelope membrane (80, 104; Kouranov & Schnell, unpublished data). Second, anti-Toc86 IgGs block the binding of preproteins to the envelope (50) . It has been proposed that Toc34 and Toc86 act together in a manner analogous to the functions of the signal recognition particle (SRP) and its receptor in targeting nascent polypeptides to the translocation machinery of the ER (143) . In this hypothesis, Toc34 and Toc86 would regulate the presentation of the cytoplasmic preprotein to the protein-conducting machinery of the translocon through cycles of GTP binding and hydrolysis (118) .
Toc75 has been shown to cross-link directly to an early intermediate in import when the preprotein is inserted across the outer membrane (80, 104) . In addition, antibodies to Toc75 block the import of precursor proteins into intact chloroplasts (128) . Toc75 is deeply embedded in the outer membrane (118, 128) . These observations indicate a direct role for Toc75 in protein import and suggest that the protein may function as a constituent of the proteinconducting channel in the outer membrane translocon.
CHAPERONES PARTICIPATE IN OUTER MEMBRANE TRANSLOCATION One notable similarity between the translocation machinery of the outer envelope membrane and other membrane translocation systems that have been studied is the presence of molecular chaperones of the hsp70 family. Two hsp70 homologues, Com70 (67, 73, 145) and hsp70 IAP (84, 118, 141) , are localized at the outer and inner face of the outer envelope membrane, respectively. The presence of two hsp70 homologues at the outer membrane has been proposed to account for the requirement of ATP at the early stages of import (118); however, this has not been demonstrated directly.
Com70 is bound to the cytoplasmic surface of the outer membrane and is closely related in primary structure to the major cytoplasmic hsp70s (67) . It can be covalently cross-linked to a chimeric envelope-bound preprotein consisting of preOE33 fused to dihydrofolate reductase (145) , and its role in import has been confirmed by the observation that antibodies to Com70 inhibit protein import into the chloroplast (73) . Although the exact function of Com70 remains to be determined, its location and activities suggest that it may act to maintain the import competence of the preproteins at the cytoplasmic face of the outer membrane by binding to preproteins at the early stages of import. This role would be similar to that proposed for the cytoplasmic hsp70s in translocation into mitochondria and the ER (115) . Unlike Com70 and other cytosolic chaperones, the hsp70 IAP is tightly anchored to the inner face of the outer membrane (84, 118) . It has been proposed that the hsp70 IAP binds to the precursor protein as it emerges across the outer membrane, thereby maintaining the import competence of the polypeptide until the transit sequence engages the inner membrane import machinery (118) .
Evidence also has been presented demonstrating that preLHCP requires a cytoplasmic hsp70 for targeting and import to the chloroplast envelope (140) . Cytoplasmic hsp70s are essential for protein translocation at the ER and mitochondria because they maintain the unfolded import competent state of preproteins (18, 33) . A similar mechanism is likely for their role in preLHCP targeting.
SEVERAL COMPONENTS OF THE INNER MEMBRANE TRANSLOCON HAVE BEEN
IDENTIFIED The structure of the inner membrane translocon has not been studied in detail. However, several components of the import machinery have been identified. Two components of the chloroplast envelope, Tic(21) and Tic22, have been covalently cross-linked to preproteins at an intermediate stage in import (80) . Tic22 is peripherally associated with the outer face of the inner membrane, suggesting that it may serve as a receptor for preproteins at the inner membrane (Kouranov & Schnell, unpublished data) . Tic (21) is an integral inner membrane protein, making it a candidate for a component of the translocation channel in the inner membrane (80) . An additional integral inner membrane component, Tic110 (IAP100, IEP110, Cim97), has been detected in complexes containing proteins at late stages in import (79, 118, 145) . AntiTic110 coprecipitates two stromal chaperones, the hsp60 homologue, cpn60 (58) , and the chloroplast ClpC homologue (93) . These observations suggest that Tic110 may function as a docking site for molecular chaperones that participate in driving transport across the inner membrane or in folding of newly imported proteins in the stroma.
An additional envelope component, Toc36 (Bce44B, Com44), is present in a covalently cross-linked complex containing an envelope-bound chimeric preprotein (145) . Toc36 appears to be one member of a family of immunologically related envelope proteins that is localized in both the outer and inner envelope membranes (68) . The functions of the Toc36 family of proteins in import remains to be investigated.
MULTIPLE MECHANISMS FOR THYLAKOID TARGETING
The Energy Requirements for Thylakoid Targeting
Early in vitro targeting experiments using intact chloroplasts established that thylakoid targeting was an energy-dependent process. Newly imported thylakoid proteins were shown to accumulate in the stroma in the presence of protonophores that dissipate the pH gradient ( pH) across the thylakoid membrane (25, 90) . Unfortunately, in organello assays could not distinguish whether the inhibition of transport by protonophores was due to a direct effect on the proton gradient or an indirect effect due to the uncoupling of electron transport and ATP synthesis. The advent of targeting assays with isolated thylakoid membranes allowed the energy requirements for targeting to be determined for a number of thylakoid proteins. These experiments clearly showed that the effects of protonophores were direct for certain preproteins and indirect in other cases.
The possibility of a single thylakoid targeting mechanism similar to that established for envelope translocation was quickly challenged because different proteins were shown to have distinct energy requirements for targeting to this membrane. Surprisingly, even proteins that possessed structurally similar LTDs were shown to fall into three targeting classes based on the energy requirements for translocation. The existence of multiple targeting mechanisms was further substantiated by targeting competition studies that separated various proteins into distinct transport classes. It is now clear that at least four distinct pathways for targeting to the thylakoid exist and that these differences reflect fundamentally distinct targeting mechanisms (Figure 3) . THE ATP-DEPENDENT AND PH-DEPENDENT PATHWAYS The first pathway for thylakoid targeting is represented by the nuclear-encoded lumenal proteins, prePC, and preOE33, the nuclear-encoded precursor to the F subunit of PSI (prePSI-F), an integral membrane protein, and the plastid-encoded membrane protein, precytochrome f. Translocation of these proteins into the thylakoid lumen is absolutely dependent upon ATP and is stimulated by the transthylakoidal pH (23, 54, 57, 61, 82, 91, 147) . This pathway is referred to as the ATPdependent pathway. The second pathway is characterized by a singular requirement for the pH. This pathway does not require nucleoside triphosphates and is represented by the nuclear-encoded lumenal proteins, preOE23, and preOE16, and the precursor to subunit N of PSI (prePSI-N) (13, 24, 64, 82, 90, 94) .
The apparent similarity in LTDs for the proteins of the ATP-and pHdependent pathways raised the immediate question of the nature of the determinant for pathway specificity. Was pathway specificity conferred by the LTD or the passenger polypeptide? To address this question, the energy requirements of thylakoid import were determined for chimeric constructs in which the LTDs of preproteins from the pH-and ATP-dependent pathways were switched. In one scenario, the transit sequences of the pH-dependent preproteins, preOE23 or preOE16, were fused to the mature sequence of plastocyanin (47, 107) . The plastocyanin passenger was transported into the thylakoid in both cases, and transport was dependent only on the pH. In the converse approach, the transit sequences of preOE33 (47, 83) or prePC (83) were shown to switch the transport of mature OE16 to the ATP-dependent pathway, albeit with low efficiency. The results of these transit sequence swapping experiments clearly demonstrated that pathway specificity is determined by the transit sequence. It is interesting to note that the transport of the preOE33-OE16 and prePC-OE16 fusions was more sensitive to the protonophore, nigericin, than that of authentic preOE33 or prePC, suggesting that the passenger protein can influence the contribution of the pH on the ATP-dependent pathway (47, 83) .
How could similar targeting signals direct targeting along two different pathways? A reexamination of the LTDs of preproteins from both pathways revealed the presence of a unique twin arginine motif within the N-domain of the LTD of preproteins targeted via the pH-dependent pathway that was not found in other thylakoid transit sequences (Figure 1) (11, 17) . Substitution of the Arg-Arg sequence with Gln-Gln, Arg-Lys, or Lys-Arg blocked or drastically inhibited thylakoid targeting. It is apparent from these results that the specific dipeptide and not simply a basic cluster are essential for the targeting signal.
Two groups (10, 46) attempted to further define the pathway specific motifs of the LTDs of preproteins for the ATP-and pH-dependent pathways by studying the transport of preproteins containing mutant and chimeric LTDs. These studies demonstrated that both N-and H-domains are essential for targeting to both pathways. Transport on the pH pathway required an N-domain with a twin arginine motif, but was tolerant of changes within the H-domain. In contrast, transport on the ATP-dependent pathway required the H-domain of a preprotein from the ATP-dependent pathway, but the sequence requirements of the N-domain were flexible with the only requirement being an overall positive charge. The investigators also noted that the ATP-dependent pathway was less tolerant of passenger proteins from the pH pathway although the pH pathway efficiently transported plastocyanin or OE33 as a passenger protein. This phenomenon previously had been observed with other chimeric constructs (47, 83) , and Henry et al (46) speculated that the pH pathway may have evolved to transport proteins that were incompatible with the other transport system. Bogsch et al (10) have termed these basic amino acids that flank the H-domain a "Sec-avoidance" motif and suggested that they have evolved to avoid nonproductive interactions of passenger proteins, such as OE23, with the ATP-dependent system. This hypothesis is reinforced by the observation that removal of the twin arginine motif and a second lysine in the C-domain of preOE23 generates an LTD that is completely compatible with the ATPdependent system (10).
Additional support for the role of the passenger protein in the evolution of the pH-and ATP-dependent pathways is provided by the observation that the two pathways differ in the substrate conformations required for translocation. In general, the translocation of preproteins across membranes is thought to require an unfolded conformation that allows linear transport of the polypeptide through the protein-conducting machinery in the membrane bilayer (115) . This hypothesis is supported for translocation at the chloroplast envelope and on the ATP-dependent pathway for thylakoid transport by the observations that tightly folded preproteins block membrane transport (1a, 34a, 40a ). In contrast, evidence has been presented that the pH-dependent pathway is tolerant of partially or fully folded translocation substrates. The stromal intermediate form of OE23 assumes a tightly folded conformation, and a specific, folded conformation is required for efficient membrane translocation at the thylakoid membrane (31) . Recently, Clark & Theg (21a) showed that a chimeric preprotein consisting of preOE16 fused to bovine trypsin inhibitor (BPTI) was efficiently transported into thylakoids even when the tertiary structure of the BPTI moiety was stabilized by internal disulfide bridges. These data suggest that the protein-conducting machinery of the pH-dependent pathway can accommodate folded proteins. The molecular basis of translocation mechanism remains to be defined, but the protein-conducting machinery of the pH-dependent pathway appears to maintain a tight seal because transport does not disrupt the electrochemical potential at the thylakoid membrane (SA Teter & S Theg, personal communication).
SEVERAL INTEGRAL MEMBRANE PROTEINS INTEGRATE INDEPENDENT OF EN-
ERGY INPUT The CF o II subunit of the thylakoid ATP synthase and the PSII-X and -W proteins of PSII are nuclear-encoded and synthesized with bipartite transit sequences similar to the transit sequences of lumenal proteins. Interestingly, transport of these proteins to the thylakoids does not require ATP and is insensitive to protonophores, suggesting that their integration represents a distinct import pathway (60, 77, 88) . The lack of an energy requirement for their integration is suggestive of the spontaneous mechanisms proposed for the targeting of several proteins to the chloroplast and mitochondrial outer membranes (115) . Additional studies will be necessary to determine whether CF o II, PSII-X, and PSII-W use a comparable mechanism for thylakoid integration. The PSI-H, -K, and -L subunits of PSI also appear to undergo energy-independent integration into the thylakoid membrane (82) . These components are nuclear-encoded but do not possess cleavable LTDs. The targeting of these proteins has not been studied in detail, and therefore it is not clear whether they may share a targeting pathway with CF o II, PSII-X, and PSII-W.
LHCP TARGETING REQUIRES GTP The original studies on the targeting of LHCP indicated that ATP was required for integration into isolated thylakoid membranes and that the pH had a stimulatory effect (23) (24) (25) 134) . Upon reexamination, however, the nucleoside triphosphate requirement was demonstrated to be specific for GTP. Hoffman & Franklin (51) showed that low concentrations of exogenous GTP were more effective than ATP in promoting LHCP targeting after the components of in vitro targeting assays were pretreated to ensure the removal of endogenous free nucleotides. Furthermore, slowly hydrolyzable analogs of GTP blocked the ability of ATP to promote transport, whereas slowly hydrolyzable analogs of ATP had a minor effect on GTP-stimulated targeting. The role of GTP in LHCP targeting clearly distinguishes this pathway from the ATP-dependent pathway for proteins with cleavable LTDs and brings to four the potential mechanisms for targeting to the thylakoid membrane.
The Components of the Thylakoid Targeting Pathways
COMPETITION STUDIES CONFIRM TARGETING SUBCLASSES The existence of subclasses of thylakoid proteins with distinct energy requirements for transport presented a strong argument for the existence of distinct transport pathways. Definitive evidence for multiple mechanisms was provided by the development of an in organello competition assay for thylakoid transport (28) (88) . Thus, the results of competition assays correlated directly with the distinct energy requirements for each class of thylakoid protein and supported the existence of multiple targeting pathways.
THE ATP-DEPENDENT PATHWAY IS A HOMOLOG OF THE BACTERIAL SEC PATHWAY
The structural similarity of thylakoid LTDs to bacterial signal peptides and the marked similarity in energy requirements between the ATP-dependent thylakoid targeting pathway and bacterial protein export provided compelling indications of an evolutionary relationship between thylakoid targeting and bacterial protein export. Additional evidence for a bacterial origin of this pathway was provided by two observations. First, homologues of two components of the E. coli preprotein translocase, SecA and SecY, are encoded by the plastid genomes of certain algae (35, 106, 113, 114, 130) , suggesting that a "Sec" pathway exists in plastids. Second, preOE33 or forms of OE33 and plastocyanin containing only the LTD were efficiently exported to the periplasmic space and properly processed to their mature sizes when expressed in E. coli (41, 86, 120) . Likewise, the N-terminal region of precytochrome f was capable of targeting β-galactosidase to the E. coli cytoplasmic membrane (112) . These results provided unequivocal evidence that the LTD was functionally equivalent to the E. coli signal sequence.
The functional correlations among LTDs and signal peptides provided the impetus for experiments to directly test whether the ATP-dependent targeting pathway represented a homologue of the E. coli Sec system. In E. coli, the SecA ATPase is a major cytoplasmic factor that binds preproteins, targets the complex to the cytoplasmic membrane, and facilitates membrane translocation (144) . A hallmark of Sec-dependent export is the ability of azide to inhibit the reaction by blocking the SecA ATPase (98) . Azide also inhibits the ATP-dependent pathway of thylakoid targeting (47, 66) . Early investigations established that transport of preproteins into isolated thylakoids via the ATP-dependent pathway requires the presence of stromal extract in addition to ATP (54, 61, 91) , and given the azide sensitivity of transport, a SecA homologue was a logical candidate for the stromal factor. Yuan et al (149) purified a stromal factor that could completely substitute for stromal extract in the in vitro transport of preplastocyanin and preOE33. Antibodies to algal SecA cross-reacted with the stromal factor, providing direct evidence that it corresponded to a chloroplast SecA homologue. Concomitantly, Nakai and colleagues (92, 96) cloned a SecA homologue from pea and demonstrated that anti-SecA inhibited the transport of OE33, but not OE23, into thylakoids. Like the E. coli protein, the chloroplast SecA homologue, cpSecA, is a homodimer of approximately 110 kDa subunits (149) . It is nuclear-encoded, contains a typical envelope transit sequence, and exhibits 43-49% identity to bacterial SecA proteins and 60-65% identity to cyanobacterial SecA (9, 96). These results confirmed that the ATP-dependent pathway for thylakoid targeting represents a chloroplast Sec system.
A cDNA for a homologue of the E. coli integral membrane protein, SecY, has been identified in Arabidopsis (74) . SecY is a component of the Sec YEG complex that forms the protein-conducting channel of the E. coli preprotein translocase (144) . In E. coli, the preprotein-SecA complex binds to this membrane complex during preprotein targeting to initiate translocation. Like cpSecA, cpSecY is nuclear-encoded. Laidler et al (74) demonstrated that Arabidopsis SecY was imported into isolated chloroplasts and targeted to the thylakoid membrane, providing compelling evidence that it functions at this membrane. A role for cpSecY in thylakoid targeting has not been demonstrated directly, but its discovery contributes to the growing evidence for the function of a Sec translocase in the transport of nuclear-encoded lumenal proteins, such as prePC and preOE33, and the plastid-encoded membrane protein, cytochrome f.
LHCP IS TARGETED BY A PATHWAY HOMOLOGOUS TO THE SRP PATHWAY FOR TAR-
GETING TO THE ER The targeting of LHCP to isolated thylakoids also requires a stromal extract (19, 39) . The first step toward identifying the stromal factor(s) for the LHCP pathway was the observation that the stromal intermediate of LHCP was present in a large soluble complex of approximately 120 kDa (102) . Two clues pointed to the identity of a stromal component of the transit complex: LHCP targeting required GTP (51) , and a stromal homologue of the GTP-binding subunit of the SRP had been identified in pea chloroplasts (36) . SRP is the cytoplasmic ribonucleoprotein particle that targets the nascent chain-ribosome complex of secretory proteins to the ER during cotranslational protein translocation (143) . The chloroplast SRP homologue was designated 54CP.
The presence of the chloroplast 54CP in the LHCP transit complex was confirmed by immunoprecipitation and covalent cross-linking experiments (76) . The 54CP was shown to be an essential component of the transport pathway because immunodepletion of the polypeptide from stromal extracts inhibited formation of the transit complex and blocked LHCP integration into isolated thylakoids. The 54CP binds tightly to the third transmembrane domain of LHCP (49), consistent with the observation that the targeting signals for LHCP integration are located within the transmembrane domains. The mature 54CP is a 53-kDa polypeptide that is encoded by a nuclear gene. It exhibits 27% identity with the 54-kDa subunit of mammalian SRP and 44% identity with the bacterial SRP homologue, Ffh.
High et al (49) have investigated the specificity of 54CP binding to a variety of thylakoid preproteins by covalent cross-linking. As expected, 54CP binds strongly to LHCP but does not interact detectably with OE23 or OE33. These results are consistent with the hypothesis of distinct targeting pathways. However, cross-linking also was observed between 54CP and two additional thylakoid polypeptides, precytochrome f and the Rieske FeS protein, a nuclearencoded preprotein with an uncleaved thylakoid targeting domain (34, 81) . The targeting pathway of the Rieske FeS protein has not been clearly defined, but cytochrome f previously had been assigned to the Sec pathway. High et al (49) suggested that cytochrome f may be able to use both SRP and Sec pathways or that certain components of each pathway may act sequentially during targeting. However, 54CP has not been shown to participate in cytochrome f targeting, and therefore the significance of the cross-linking results must await the demonstration that the cytochrome f-54CP interaction is relevant to the cytochrome f targeting reaction.
The exact function of 54CP is not known, but recent data suggest parallels between its activities and those of mammalian SRP (49) . For example, the nascent chain-ribosome complex of preprolactin can be covalently cross-linked to 54CP when added to a stromal extract. In addition, the increased affinity of 54CP binding for targeting signals is correlated with increased hydrophobicity of the targeting signal, a property shared with mammalian SRP. On the basis of these observations, it is likely that the binding determinants for 54CP and mammalian SRP are similar.
Mammalian SRP acts as a multisubunit soluble targeting factor that binds to the signal sequences of nascent polypeptide chains and delivers the translation complex to the protein-conducting channel at the membrane of the rough ER (143) . The targeting cycle of SRP is regulated by GTP binding and hydrolysis at its 54-kDa subunit (3, 89). It has been proposed that 54CP acts as a specific targeting factor in LHCP integration by a similar mechanism (26, 36) . However, comparisons of 54CP with mammalian SRP or bacterial Ffh raise important questions. For example, does 54CP act alone or as a component of a macromolecular complex? Both SRP and Ffh contain an essential 7S RNA component, and SRP contains five additional protein subunits (143) . An RNA component of 54CP has not been discovered, but Cline & Henry (26) have reported that native 54CP exists as a large complex and not a monomer. Furthermore, SRP and Ffh act cotranslationally to target nascent chain-ribosome complexes to the membrane. In the case of LHCP, the activity of 54CP is clearly posttranslational. Perhaps the lack of a need to interact with the ribosome has streamlined the evolution of 54CP into a targeting factor that lacks the structural features that were required for the ribosome binding and elongation arrest functions of its mammalian and E. coli counterparts. It will be of interest to determine whether 54CP plays a role in the targeting of proteins that are cotranslationally integrated into the thylakoid, such as the D1 protein of PSII (62, 133) .
A role for 54CP in thylakoid targeting is clear. However, it also is clear that the LHCP transit complex requires the presence of additional stromal factors to target to the thylakoid membrane. What are these additional factors? CpSecA does not appear to play a role because the purified cpSecA protein is unable to substitute for the requirement of stromal extract in in vitro targeting reactions, and LHCP targeting is azide insensitive (149) . It has been proposed that the additional requirement may be the stromal hsp70 chaperone (146) . However, stromal hsp70s do not appear to be components of the transit complex, and immunodepletion of hsp70 from stromal extracts does not affect the ability of the extract to support targeting (148) . The nature of the additional factors for LHCP targeting remains to be defined, and the availability of reconstituted transit complex and thylakoid targeting systems provides the biochemical assay for their isolation.
THE pH PATHWAY IS MEDIATED BY PROTEINACEOUS RECEPTORS The singular requirement for the proton gradient makes the pH-dependent pathway unique among known membrane translocation systems, but little information is available on the components of this pathway. Treatment of isolated thylakoids with exogenous protease before in vitro transport assays inhibits the transport of preOE23 (31, 108a) . In addition, the transport of OE23 and OE16 are competitive and saturable (28) . These results suggest that targeting and/or translocation are mediated by proteinaceous components at the thylakoid surface. Recently, a maize mutant, hcf106, has been identified that appears to selectively affect the targeting of proteins that use the pH-dependent pathway (135) . The isolation of the hcf106 gene is beginning to shed light on one candidate for a component of this pathway (see the following section).
In Vivo Models Support the Assignment of Multiple Targeting Pathways
The recent identification of mutations that affect thylakoid biogenesis in higher plants (6) and green algae (123) supports the assignment of distinct thylakoid targeting mechanisms and is beginning to aid in the identification of transport components. A class of thylakoid assembly (tha) mutants are deficient in the assembly of a number of photosynthetic complexes, but the phenotypes do not appear to be due to defects in gene expression (5). The phenotype of the tha1 mutant is consistent with a defect in the Sec pathway because it selectively affects the OE33, plastocyanin, and cytochrome f targeting pathway (135) . The steady state levels of plastocyanin, OE33, and PSI-F are reduced in this mutant, and these proteins, as well as cytochrome f, were shown to accumulate in the stroma as their intermediate-size forms. The tha1 gene has recently been isolated and shown to be the maize CPSecA (136) , providing in vivo evidence for the existence of the conserved Sec pathway for thylakoid targeting.
A second maize mutant, hcf106, also exhibits a defect in the accumulation of photosystem complexes. In contrast to tha1, the hcf106 defect results in the reduced accumulation of OE16 and OE23 and the appearance of higher molecular weight stromal intermediates of these two proteins (135) . This mutant also exhibits an unusual thylakoid membrane morphology consistent with a role for hcf106 in protein transport and membrane biogenesis (85) . Analysis of the hcf106 gene indicates that it encodes a thylakoid membrane protein that exhibits similarity to genes in a variety of bacterial species (120a). The bacterial genes appear to play a role in the secretion of a subset of proteins that use a pathway exclusively dependent on the pH at the plasma membrane. Thus, the pH-dependent pathway also may represent a derivative of a targeting pathway that existed in the original prokaryotic endosymbiont.
The analysis of a set of mutations in the LTD of cytochrome f has led to a genetic selection system for the study of thylakoid transport in Chlamydomonas (4, 123). One of these LTD mutants, A15E, also affects the accumulation of LHCP and the D1 protein but does not affect plastocyanin, OE16, OE23, or OE33 accumulation. These results suggest that the pathways of cytochrome f, D1, and LHCP integration may converge at a common element. Although cytochrome f appears to utilize the Sec pathway for targeting, Smith & Kohorn (123) have suggested that it may share a component for membrane translocation with other integral membrane proteins. Extragenic suppressors of the cytochrome f mutants have been identified, and the genes for several of these thylakoid insertion proteins (tip proteins) have been isolated (KK Bernd & BD Kohorn, personal communication). Their analysis should provide important in vivo evidence to test this hypothesis (4, 123).
PERSPECTIVES
Although the relationships of the various pathways for thylakoid targeting are not yet clear, the identification of components of each pathway provides the necessary tools to unravel the complexity of these elaborate protein targeting systems. To date, studies of the targeting components have focused on soluble targeting factors. With the identification of a SecY homologue and hcf106, the components of the membrane translocation machinery are beginning to reveal their secrets. Other Sec proteins and proteins such as a 54CP receptor are predicted to exist. The in vivo molecular genetic approaches hold particular promise for identifying components of the targeting machinery. Proteins such as hcf106 are candidates for previously unidentified factors that may contribute to the elucidation of the apparently unique pH-dependent pathway. In addition, at least four additional tha mutants have been identified that disrupt either the Sec or pH pathways. One of these mutants has been assigned to a gene, tha4, that encodes an integral thylakoid membrane protein similar to hcf106 and its bacterial homologues (A Barkan, personal communication). These data provide additional evidence for the role of this family of proteins in thylakoid targeting, and indicate that a similar, previously unknown pathway exists in prokaryotes.
How independent are the multiple targeting pathways? If the bacterial and ER systems are good precedents, the membrane translocation systems are likely to be the sites of convergence for multiple targeting pathways. For example, the SecA and Ffh targeting pathways operate in parallel in bacteria, but both feed into a common membrane-bound SecYEG translocase. Likewise, SRPdependent and SRP-independent pathways for targeting to the ER exist, but both pathways utilize the Sec61p translocation complex at the ER membrane. In fact, some evidence suggests that the multiple pathways for thylakoid targeting may overlap at common components or that single proteins may be able to utilize more than one pathway. One of the cytochrome f LTD mutants in Chlamydomonas shows a dominant negative effect on the integration of LHCP and the D1 protein (123) . Although in vitro data indicate separate targeting pathways for these proteins, the analysis of this mutant suggests that they may share a common element at one stage in transport.
Perhaps the most striking revelation from investigations over the past 10 years is the complexity of mechanisms for protein targeting to the thylakoids. As with most biological processes, what could have been modeled as a single stepwise pathway actually requires the operation of a number of distinct parallel mechanisms that reflect the diversity of thylakoid proteins themselves. Why do these multiple pathways exist? The accumulated evidence is consistent with the proposal that the characteristics of the passenger protein (e.g. hydrophobicity or folding properties) may require distinct transport mechanisms (26) .
For example, pH-dependent proteins are inefficiently transported by the Sec pathway (47, 83) , suggesting an incompatibility between the Sec machinery and these polypeptides. With regard to the role of the 54CP pathway, the Ffh protein has recently been shown to operate in targeting a specific subset of polytopic membrane proteins to the E. coli inner membrane (129) . By analogy, it is conceivable that 54CP may have the ability to serve both as a targeting signal and as a specialized chaperone for very hydrophobic polypeptides such as LHCP. The definition of these specificities, in concert with the elucidation of the transport components of these systems, should provide knowledge of the essential elements of membrane translocation in these systems and their bacterial and mammalian counterparts.
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